The c-Myc oncogene is a potent activator of tumorigenesis; its deregulation is implicated in the development and progression of a wide variety of cancers. c-Myc is a nuclear phosphoprotein that interacts with c-Mycassociated protein X (Max), its ubiquitous partner protein, to activate and repress gene transcription. cMyc regulates numerous target genes that are involved in a wide variety of activities, including cell cycle progression, metabolism, and signaling (Dang, 1999; Grandori et al., 2000; Oster et al., 2002) .
Recently, the role of c-Myc in gene repression has received considerable attention because the domains of c-Myc required for transcriptional repression correspond to the regions necessary for transformation (Penn et al., 1990; Lee et al., 1996; Xiao et al., 1998; Dang, 1999) . Transcriptional repression of CDKN2b (p15 INK4b ), CDKN1a (p21
), growth arrest and DNA damage (GADD153/DDIT3), GADD45a, GADD34, and Mad4 are thought to play a key role in preventing cells from exiting the cell cycle and facilitating c-Myc-induced proliferation and apoptosis (Chen et al., 1996; Marhin et al., 1997; Amundson et al., 1998; Seoane et al., 2001; Staller et al., 2001; Herold et al., 2002; Seoane et al., 2002; Kime and Wright, 2003; Wu et al., 2003) . While the repression of p15
INK4b and p21 CIP1/ WAF1 is well studied, the downregulation of the GADD genes remains elusive. Thus we sought to further investigate c-Myc repression of GADD153 and GADD45 transcripts coding for distinct growth arrestinducing proteins. Rat fibroblasts deficient of c-Myc (Rat-1 c-mycÀ/À GFP) exhibit higher levels of GADD transcripts than the c-Myc reconstituted counterparts (Rat-1 c-mycÀ/À c-Myc) (Bush et al., 1998 ; see Figure 1a ). Also, the activation of the c-Myc-estrogen receptor chimeric protein (MycER TAM ) by 4-hydroxytamoxifen (OHT) causes the downregulation of the GADD genes (Chen et al., 1996; Marhin et al., 1997; Amundson et al., 1998; see Figure 1b) . GADD45a and GADD153 are important for cell cycle arrest under growth-limiting conditions, upon differentiation, or in response to a wide variety of stresses (Fornace et al., 1988; Maytin and Habener, 1998; Vairapandi et al., 2000) . GADD45a is a small acidic protein involved in the G2/M checkpoint (Hollander et al., 1999) , nucleotide excision repair (Carrier et al., 1999) , and apoptosis (Takekawa and Saito, 1998) . The GADD153 is a member of the CCAAT/enhancerbinding protein (C/EBP) family and is also known as the C/EBP homologous protein 10 (CHOP) transcription factor. GADD153/CHOP heterodimerizes with other C/ EBP family members to affect apoptosis and proliferation arrest (Ron and Habener, 1992; Zinszner et al., 1998) .
c-Myc downregulates GADD gene expression upon exposure to genotoxic stresses such as ionizing radiation, UV radiation, and methylmethane sulfonate (Chen et al., 1996; Marhin et al., 1997; Amundson et al., 1998) . GADD transcripts are upregulated by nongenotoxic agents such as homocysteine (Outinen et al., 1999) , hypoxia (Price and Calderwood, 1992) , and glutamine deprivation (Abcouwer et al., 1999) . However, it remains unclear if c-Myc can repress the induction of GADD genes by such nongenotoxic triggers. Here, we evaluate if c-Myc can repress the nongenotoxic endoplasmic reticulum (ER) stress-induced expression of GADD45 and GADD153 and investigate the mechanism of repression.
Thapsigargin (Tg) is an ER stress agent that inhibits a calcium ion ATPase resulting in increased intracellular calcium levels. Rat-1 c-mycÀ/À GFP cells exhibit higher basal and Tg-induced levels of GADD transcripts than Rat-1 c-mycÀ/À c-Myc cells (Figure 1a ). c-Myc repressed (up to twofold) GADD153 and GADD45 gene activation by Tg (Figure 1b) . Treatment with Tg did not influence c-Myc protein levels (data not shown). Other ER stress-inducing agents, tunicamycin (glycosylation inhibitor), A23187 (calcium ionophore), also induced GADD genes and c-Myc also suppressed this induction response (data not shown).
To determine if c-Myc repressed other ER stressresponsive genes, we analysed the expression of glucoseregulated proteins (GRP), which are induced by ER stresses. The basal and ER stress-induced expression of GRP78 and GRP92 was not affected by c-Myc ( Figure  1a and b and data not shown). Thus, c-Myc interferes with the induction of growth arrest genes but not GRP chaperones that protect cells from ER stresses without affecting growth arrest.
The few c-Myc repressed targets that have been identified and well characterized suggest that the mechanism of c-Myc repression involves indirect binding of c-Myc to DNA through protein-protein interactions Gartel and Shchors, 2003; Wanzel et al., 2003) . Recent evidence from our lab shows that the c-Myc-Max interaction is essential for cMyc repression and suggests that Max may be a global partner for c-Myc in the regulation of gene transcription . c-Myc interacting zinc-finger protein 1 (Miz-1) can activate proximal promoters of p15
, mad4, and n-ramp promoters; however, Miz-1 interaction with c-Myc precludes this activation Herold et al., 2002; Seoane et al., 2002; Bowen et al., 2003; Kime and Wright, 2003; Wu et al., 2003) . Also, interactions of c-Myc with the SmadSp1 complex at the p15
INK4b (Feng et al., 2002) as well as the c-Myc-Sp1 interaction at the p21 CIP1/WAF1 promoters have been implicated in this repression (Claassen and Hann, 2000; Gartel et al., 2001) . In addition, c-Myc binding to nuclear factor Y (NF-Y) has been described as a mechanism of PDGFRB repression (Izumi et al., 2001) . Thus, c-Myc interacts with transcriptional activators such as Miz-1, Sp1 and/or NF-Y, and blocks gene activation.
Multiple Sp1 and NF-Y sites are present in the GADD gene promoters ( Figure 2) ; we sought to investigate if they play a role in c-Myc repression of GADD153 and GADD45a. To determine the promoter region responsible for c-Myc repression of the GADD genes, we tested serial promoter deletion constructs using luciferase-reporter assays. Upon activation of cMycER TAM by OHT, the activity of the GADD45a and GADD153 promoters were repressed 1.6-to 3.6-fold (Figure 3a ) and even the smallest fragments devoid of . The ribosomal protein mRNA, 36B4, was used as a loading control. Northern blots were performed as described previously (Watson et al., 2002) and were independently confirmed by RT-PCR (data not shown). (b) Rat1c-MycER TAM cells treated with ethanol (À) or 100 nM OHT ( þ ), to activate c-MycER TAM , were analysed. Cells were treated with an increasing concentration of Tg for 4 and 8 h to induce the expression of GADD45a, GADD153, and GRP78 (N ¼ 2). Monitoring GRP78 mRNA transcript levels were used as a control for ER stress induction. The relative mRNA levels in control (white bars) and OHT-treated cells (black bars), at the indicated dose and duration of Tg exposure, were normalized against 36B4 and are displayed in a bar graph format and Habener, 2000) , the ERSE, is dispensable for c-Myc repression. This is consistent with c-Myc's inability to repress the endogenous or ectopic GRP78 promoter, which contains the ERSE (Figure 2b ). In contrast to the endogenous rat GADD45a gene, the human and hamster GADD45a promoter constructs tested were not induced by Tg or tunicamycin (Figure 2a and data not shown). Thus, although evolutionary conserved, the ERSE-like sequence in the GADD45a promoter is not functional, possibly due to the C-to-T substitution in position 18 of the ERSE nucleotide sequence. The ER stress induction is not mediated by p53, since GADD45 is induced by Tg in p53-null mouse fibroblasts (data not shown). It is possible that ER stress stabilizes endogenous GADD45a mRNA as shown for glutamine-deprivation-induced GADD45 expression (Abcouwer et al., 1999) . Neither of these mechanisms would be captured by promoter reporter assays. The lack of repression by the c-Myc mutant (D106-143) confirmed the necessity of this region for c-Myc repression (Oster et al., 2003) and indicated the same requirement for GADD153. It also assures that the treatment with OHT itself directly did not affect the GADD promoters (Figure 2c ). c-Myc initiates a transcriptional program that affects hundreds of genes O'Connell et al., 2003) . While some genes are direct targets of c-Myc regulation, others are indirectly regulated, for example, as a consequence of cell cycle progression. To determine if c-Myc binds to GADD promoters in vivo, we conducted chromatin immunoprecipitation (ChIP) assays. c-Myc and Max are bound to the GADD45a and GADD153 promoters in Rat1c-MycER TAM , human leukemia HL60, and human epithelial MCF10A cells (Figure 3a and b and see Mao et al., 2003) . In contrast, c-Myc and Max did not bind to the glucokinase promoter that is not regulated by c-Myc (Frank et al., 2001) (Figure 3a) . Taken together, these data support a model whereby the c-Myc-Max interaction is essential ChIP experiments conducted using human Miz-1 antibody were performed two times Figure 2 Minimal promoters of GADD45a and GADD153 are responsible for c-Myc repression. Promoter luciferase reporter activity was assayed in response to c-MycER TAM activation by OHT and 10 nM Tg for 16 h. The indicated fragments of human GADD45a, rat GADD153, and rat GPR78 promoters were cloned into the pGL2 or pGL3 vectors (Promega), transfected into Rat1c-MycER TAM using Fugene6 (Roche), and assayed for luciferase activity using the luciferase reagent (Promega). Cotransfected pCMV b-gal activity was used to normalize for transfection efficiency. (a) The relative luciferase reporter activity (left bar graph) was determined under basal conditions (white bars), OHT (black bars), Tg (dark gray bars), and OHT and Tg (gray bars). The known transcription factor sites in each promoter construct assayed are shown. The ERSE is indicated. Activity is presented in relative luciferase units after normalization to the b-gal activity. Numbers on the right indicate mean fold repression and standard deviation. The upper number of the pair is repression under basal conditions (no OHT vs OHT), while the lower number is the fold repression by c-Myc under Tg stress conditions (Tg vs OHT þ Tg). The assays were performed in triplicate and repeated two to three times. (b) GRP78 promoter luciferase reporter activity assayed as described in (a). (N ¼ 3) . (c) GADD153 (À105 to þ 88) and GADD45a (À123 to þ 21) promoter activities were not affected by OHT treatment itself. Rat1 cells stably expressing Dc-MycER TAM with a deletion of amino acids 106-143, which are essential for cMyc function, were used to assay reporter constructs three independent times as in (a) and GADD153 gene repression (data not shown). It also provides additional evidence that Max resides at c-Myc repressed promoters in the presence and absence of c-Myc in vivo (see also Figure 4a ).
Miz-1 binds to the proximal promoters of p15
INK4b
and p21 CIP1/WAF1 that are repressed by c-Myc; however, the role of Miz-1 in the regulation of GADD gene transcription remains unclear. Miz-1 was originally described as an initiator (INR)-binding protein at the adenovirus major late promoter as well as the cellular genes CCND2 (cyclin D2), mad4, and p15
INK4b (Peukert et al., 1997; Seoane et al., 2001; Staller et al., 2001; Piluso et al., 2002; Kime and Wright, 2003) . Miz-1 binds to the proximal promoters of p21
, low-density lipoprotein receptor, and alpha2integrin (Ziegelbauer et al., 2001; Seoane et al., 2002; Wu et al., 2003) or can even bind to Sp1 consensus sequence as in the case of nramp1 (Bowen et al., 2003) . Our findings implicate proximal promoters of GADD genes in c-Myc repression; thus we investigated if Miz-1 plays a role in the regulation and c-Myc repression of these INR-minus GADD genes. To evaluate if Miz-1 binds to the GADD gene promoters in vivo, we conducted ChIP analysis, using a human Miz-1 antibody, in human HL60 cells. Miz-1 binding was detected at the GADD153, as well as the positive control p15
INK4b and p21
, promoters in asynchronously growing cells (Figure 3c ). By contrast, Miz-1 did not bind the GADD45a promoter and suggests that Miz-1 does not play a role in c-Myc's downregulation of GADD45a (Figure 3c ). c-Myc mutants not able to interact with Miz-1 such as V394D (Herold et al., 2002) still repressed both GADD genes (data not shown), which suggests that c-Myc binding is not entirely Miz-1 dependent and can involve additional transcription factors. For example, c-Myc repression of the p21 CIP1/WAF1 gene has been reported to occur by binding to the Miz-1 (Seoane et al., 2002) or Sp1 (Claassen and Hann, 2000; Gartel et al., 2001) transactivators. How c-Myc binds within the GADD45a promoter remains unclear, but it may occur through an evolutionary conserved 18 bp region in the minimal promoter that contains an Sp1 binding site.
A high proportion of c-Myc bound genes are cobound by RNA polymerase II (RNAPII) (Li et al., 2003) . We therefore investigated if GADD45a and GADD153 gene repression occurs by blocking a transcriptional initiation or a postinitiation event. To evaluate events downstream of transcription factor recruitment, we conducted ChIP in Rat-1 c-mycÀ/À GFP and Rat-1 c-mycÀ/À c-Myc cells. RNAPII binding to the GADD gene promoters was not affected by c-Myc at GADD gene promoters (Figure 4a ). RNAPII binding was enriched at the c-Myc-activated gene nucleolin in the presence of cMyc, which is consistent with c-Myc's ability to recruit histone acetylase activity (Frank et al., 2001) . There was no change in bound RNAPII at the carbamoylphosphate synthase/aspartate transcarbamoylase/dihidroorotase (CAD) promoter, in agreement with its post-RNAPII regulation by c-Myc (Eberhardy and Farnham, 2001 ). The binding of RNAPII to inactive promoters leads to its accumulation at those proximal promoters (Cheng and Sharp, 2003; Corey et al., 2003) . To test this, we examined GADD45a promoter that does not bind Miz-1 by using scanning ChIP. c-Myc, Max, and RNAPII binding was enriched at the promoter from À0.7 to þ 0.5 relative to the transcription start (Figure 4b and data not shown). These data are consistent with the open chromatin conformation at the proximal promoter and the third intron (À0.5 kb) where the p53 and AP1 sites reside, suggesting that not only factors such as Oct1, NF-Y, AP1 (Graunke et al., 1999) but also RNAPII bind there in the absence of active transcription. Higher amounts of RNAPII accumulated at the proximal promoter in c-Myc reconstituted cells may be due to c-Myc blocking the promoter clearance or transcriptional elongation of GADD45. Interestingly, other c-Myc target genes, c-Myc, cad, and dihydrox- yfolate reductase genes are also bound by RNAPII in the latent state (Krumm et al., 1992; Mai and Jalava, 1994; Facchini et al., 1997; Eberhardy and Farnham, 2002; Cheng and Sharp, 2003) . Our findings indicate that RNAPII recruitment is c-Myc independent at the repressed GADD45a and GADD153 genes. Thus, cMyc can bind and repress GADD genes through their proximal promoters by affecting events downstream from RNAPII recruitment.
